Abstract. Exposure to persistent organic hydrocarbon pollutants can have deleterious effects on the growth, physiology and anatomy of plants. Sand collected at an oil-drilling quagmire in southern Algeria was analyzed by GC-FID and found to contain 18mg.Kg -1 hydrocarbons. Pisum sativum L. (pea) plants were grown in laboratory conditions in sandy soil from the site. Plants growing in hydrocarbon polluted sandy soil had shorter primary roots and fewer lateral roots than control plants growing in non-polluted sandy soil. However lateral root dry weight was 35% higher than control. Pollutant-induced oxidative stress on pea roots resulted in lipid peroxidation and accumulation of MDA, H 2 O 2 and O 2 -in root tips. Enzymatic detox activities of superoxide dismutase and peroxidase were also over 40% higher in plants growing on polluted soil than in controls. The anatomy of pea roots was also affected by hydrocarbonpolluted soil, because xylem vessel differentiation was delayed and an unusual supplementary cell layer was formed in the endoderm. These data suggest pea plants adapt morphologically and anatomically to polluted soil.
Introduction
Since the mid-1980s, hydrocarbon contamination has become a critical environmental problem worldwide due to its adverse effects on the environment and health (Li et al., 1993) . In Algeria, petroleum is one of the main energy resources. Petroleum exploration can cause soil pollution because drilling mud is stored in quagmire spill sites so the soil surface becomes impregnated with total petroleum hydrocarbons (TPHs). TPHs are complex mixtures of various hydrocarbons that can be found at petrochemical sites and storage areas, waste disposal pits, refineries and oil spill sites (McElroy et al., 1989) .
Plants are a dominant biotic component of ecosystems and as sessile organisms; they can be subjected to long-term pollution from hydrocarbons (McCarthy and Tschaplinski, 1991) . Organic pollutants are able to penetrate plant organs through different mechanisms (Gao and Zhu, 2004) . In plant tissues, organic pollutants can migrate from roots to leaves, and within the plant organs, they can be modified by conjugation, hydroxylation and by cytochrome containing monooxygenase enzymes (Korte et al., 2000) . Plant growth is affected by decrease of biomass in oiled areas (Culbertson et al., 2008) . For maize germination and growth in crude-oil polluted soil, the effect is proportional to the concentration of the crude oil in the environment (Ogboghodo et al., 2004) . The considerable effect of polycyclic aromatic hydrocarbon fluoranthene (FLT) exposure was to inhibit germination of seeds, retard growth and affect root morphology (Kummerova et al, 2012) . Anoliefo (1991) found evidence of cell disruption in roots and other organs and the presence of oil films in the epidermal and cortical regions of the root, stem, and leaves. Crude oil induced environmental stress in the seedlings causing inhibition of total amylase and starch phosphorylase activities and mitotic activity of root meristems (Achuba, 2006) . The harmful effects of petroleum hydrocarbons in soils include inhibition of seed germination, reduction of photosynthetic pigments, slowdown of nutrient assimilation and shortening of roots and can disrupt the plant root architecture (Smith et al., 2006) . Some other workers have also used anatomical changes to monitor environmental pollution (Gill et al., 1992) . Petroleum hydrocarbons were reported to alter the shape and size of parenchyma tissue and reduce the intercellular space in the cortex of the stem and roots (Omosum et al., 2008) .
In polluted soils, plants may experience a combined stress from nutritional deficiency and chemical toxicity. Indeed, abiotic stress such as that caused by polycyclic aromatic hydrocarbon exposure can also stress plants by generating reactive oxygen species (ROS) (Sun et al., 2002) . ROS such as superoxide radical (O 2 -), hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (OH -), are generated as by-products of normal metabolism in different subcellular compartments. Moreover, the imposition of biotic or abiotic stress may give rise to an excessive concentration of ROS, resulting in oxidative damage at cellular level that can be mitigated and repaired by a complex antioxidant system (Romero-Puertas et al., 2007). Stress induced ROS accumulation is counteracted by enzymatic antioxidant systems that include a variety of scavengers, such as superoxide dismutase (SOD), ascorbate peroxidase (APX), peroxidase (POD), glutathione S-transferase (GST), catalase (CAT) and non-enzymatic low molecular metabolites (Mittler et al., 2004) .
The impact of hydrocarbon contaminants on plant roots, which are in direct contact with the pollutants, is not as well documented as the effect on leaves or photosynthesis. For this reason, we aimed to evaluate the effect of hydrocarbons from an edaphic pollution on the growth of pea roots (Pisum sativum L.) in controlled laboratory conditions. We observed changes in ROS (O 2 -, H 2 O 2, ) and ROS detoxifying enzymes, MDA levels were enhanced in pea roots growing in polluted soil. Furthermore an unexpected morphological adaptation was observed at the level of the endoderm cell layer.
Materials and methods

Soil
Soil samples were collected in the region of Hassi Messaoud-Ouargla province of southern Algeria. Contaminated soil was sampled at the site of a disused oil quagmire. Control soil was sampled at a site two kilometers from the quagmire. Three soil samples were collected at 0-30 cm depth using a stainless steel sampler. The three samples were mixed to form a single sample that was air-dried and then sieved (2 mm sieve) before analysis.
Hydrocarbon analysis
Before hydrocarbon measurement soil samples were chemically dried, by adding Na 2 SO 4 . Analysis of hydrocarbons in soil was conducted in the ISSeP laboratory (Scientific Institute of Public Service, Colfontaine, Belgium) using techniques developed in the laboratory.
Polycyclic aromatic hydrocarbon (PAH) content in soil samples
The 16 PAH congeners listed as priority pollutants by the US Environmental Protection Agency (US-EPA) were analyzed in the soil samples. The extraction of these compounds was performed by the Accelerated Solvent Extractor (ASE) technology (Dionex ASE 350), allowing a solid/liquid extraction with dichloromethane at 150 °C at a pressure of 1500 psi. The dichloromethane extract was extracted with hexane and cleaned up with aluminium oxide. The sample was extracted with acetonitrile and the extract was concentrated at room temperature under a gentle stream of nitrogen. PAHs were then separated by ultra-performance liquid chromatography (UPLC) and detected using a fluorescence detector with appropriate excitation and emission wavelengths for the 15 PAH and a diode array detector for acenaphthylene. Quantification was performed by external standard calibration. Ultra performance liquid chromatography (UPLC) was performed with a 1.8 µm, 2.1mm ID × 100 mm AZE-PAH column at a flow rate of 0.4 ml/min. The mobile phase consisted of acetonitrile-water (50:50, v/v) for 9 min and 100% acetonitrile for 3.5 min.
Hydrocarbon index
The extraction of total petroleum hydrocarbons (TPHs) was performed by a ASE technology (Dionex ASE 350), allowing a solid/liquid extraction at 100°C under a pressure of 1500 psi, with a solvent mixture of n-hexane-acetone (50:50, v/v). The recovered extract was washed with an aqueous solution of hydrated magnesium sulfate to remove acetone and then cleaned up on a Florisil column (6 mm diameter,6 cm long). The eluate was then concentrated with a Syncore Analyst Evaporator to 0.5 ml to be used for analysis by gas chromatography (GC-FID) using a Column VF-5ht 15 m × 0.25 mm × 0.10 μm with a "splitless" injection technique (30 sec) and a pulse injection (10 psi for 1 min). The analyses were conducted under the following conditions: injection temperature, 300°C; injection volume, 1µl; carrier gas, helium; oven temperature program, 40°C for 5 min to 300°C and 300 °C for 5 min; flame ionization detector temperature, 330 °C. The following fractionation was performed: (C10-C12), (C12-C16), (C16-C21), (C21-C35) and (C35-C40). The limits of integration were placed at the corresponding retention times of n-alkanes (C12, C16, C21 and C35), areas of each fraction were measured and the calculation based on the total area C10-C40.
Plant growth and root growth analysis
Pea seeds (Pisum sativum L.)"Kelvedon wonder" were surface-sterilized with 0.1% sodium hypochlorite (NaClO) for 10 min, rinsed and soaked in distilled water at room temperature for 12 h. The seeds were germinated on water-imbibed paper in sealed plastic dishes. After three days, pea seedlings were transplanted into plastic containers containing 250 g of a mixture of peat and sand, polluted or control, (80:20, w/w). 
Hydrogen peroxide detection
Hydrogen peroxide was detected by a colorimetric method using 3,3 diaminobenzidine (DAB). DAB is taken up by living plant tissue and can be used to show H 2 O 2 production when peroxidase activity is present (Thordal-Christensen et al., 1997). The root apices (excised 1 cm from the tip) were immersed in the dark for 12 h in a 1 mg.ml -1 DAB solution in water at room temperature with gentle stirring. Hydrogen peroxide causes a redox polymerization with DAB molecule giving a stable brown precipitate at the reaction site.
Superoxide anion detection
The superoxide anion O 2 -is detected by colorimetric method using nitrobluetetrazolium (NBT) (Rao and Davis, 1999) . Superoxide radicals reduce NBT to form a stable formazan blue blue-indigo (Beyer and Fridovich, 1987) . Root apices (5 cm from the tip) were immersed in a 0.5 mg/ml NBT solution in 0.1 M sodium phosphate buffer pH (7.8) for 1 h at room temperature and in the dark. The root samples were rinsed in boiling 96° ethanol for 10 minutes. The root samples were stored in a glycerol-ethanol solution (1:4, v/v) until photographs were taken under a light microscope.
Determination of lipid peroxidation
Lipid peroxidation was determined as the amount of malondialdehyde (MDA) in roots. MDA is a thiobarbituric acid reactive substance (TBARS), which was measured according to Achary et al (2008) . Root fragments were homogenized in 1.5 ml of reaction mixture containing 20% (w/w) trichloroacetic acid and 0.5% (W/V) thiobarbituric acid, heated at 95 °C for 30 min, cooled on ice then centrifuged 10 min at 13000 g. The absorbance of the supernatant at 532 nm and 600 nm was measured. The nonspecific absorbance at 600 nm was subtracted from that at 532 nm. The concentration of MDA was calculated using an extinction coefficient of 155 mM cm −1 .
Extraction of enzymes
Plant roots (100 mg) were homogenized in 2 mL of 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM ethylene diamine tetraacetic acid (EDTA) and a small amount of polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 4°C for 20 min at 12000 × g. The resulting supernatant was used to measure peroxidase and superoxide dismutase activities. An aliquot of 0.1 ml was used to determine the protein content as per the method of Bradford (1976) using bovine serum albumin as standard.
Peroxidase activity
The peroxidase (POD) reaction solution (3 ml) contained 50 mM phosphate buffer (pH 5), 20 
Superoxide dismutase activity
Superoxide dismutase (SOD) activity was assayed by measuring the ability to inhibit the photochemical reduction of nitro blue tetrazolium (NBT). The 3-ml reaction solution contained 50 µM NBT, 1.3 µM riboflavin, 13 mM methionine, 75 nM EDTA, 50 mM phosphate buffer (pH 7.8) and 20-50 µl of enzyme extract. The test tubes containing the reaction solution were irradiated by light. One unit of SOD activity was defined as the amount of enzyme required to cause 50% inhibition of the reduction rate of NBT as monitored by absorbance at 560 nm (Giannopolitis and Ries, 1977) .
Anatomical studies
To investigate the internal structure of pea roots, we made cross sections at two similar positions relative to the root tip ( Figure. 1) to avoid the oscillation zone, a region of the spatial and temporal definition of lateral roots pre-branching sites (Jung and McCouch, 2013) , and to have more differentiated tissues. Six plants were randomly selected from both soils. Roots were fixed in FAA (95° ethanol -35% formaldehydeacetic acid, 2:17:1, v/v) for 24 h, washed with distilled water several times then progressively dehydrated through an ethanol series up to 70° ethanol. For epifluorescence observations fresh samples were used. Fixed and fresh samples were cut with a vibratome in order to obtain 60-micrometer transverse sections. Staining with iodine green carmine was carried out as described in Locquin and Langeron (1978) . Briefly, sections were placed for 10 to 20 min in sodium hypochlorite, then washed thoroughly with water, incubated in dilute acetic acid and stained with carmine-green iodine. After staining sections were washed with water. Microphotographs were taken by using a Zeiss Axioskop microscope equipped with an AxioCam camera MR (Zeiss) using ×50 and ×100 magnification objective lenses and the images were processed and archived with AxioVision software (Zeiss). sensing device with automated color correction (Apotome, Zeiss). This system allows the observation of epifluorescence with a HBO mercury vapor light source type, which provides excitation light in the 340-700nm range. Lignin autofluorescence was detected using the Zeiss HE DAPI filter set 49 (excitation, 3656 nm; emission, 420-470 nm). Digital fluorescence images were generated by an AxioCam MR Camera (Zeiss), using ×50 and ×100 magnification objective lenses. Images were processed and archived with AxioVision software (Zeiss).
Statistical analysis
All data presented are the mean values of five replicates ± standard deviation (SD). Statistical analysis was carried out by ANOVA analysis at a 5%, 1% and 0.1% significance level, using the statistical software package STATISTICA version 8.0.
Results
Soil analysis and hydrocarbon index
Samples of sandy soil were collected at a disused oil-drilling quagmire in southern Algeria was analyzed by GC-FID and UPLC. Control soil samples, collected from a non-industrial site 2 km away, had a similar sandy texture. Analysis showed presence of molecules of low and high molar mass. Gas phase chromatography showed the presence of 18 g of total petroleum hydrocarbon (TPH) per kg of polluted soil (Figure 2A) . Fractionation of these hydrocarbons (Fig. 2 A, C) showed that they are mainly a mixture of C12-C21 molecules ( Fig. 2A) . No hydrocarbon was detected in control soil (Fig. 2B) Analysis showed an increase in soil moisture, total organic carbon, phosphorus and nitrate in polluted soil, but no significant differences for nitrite, pH and conductivity with control soil. 
Figure 2. (A) Hydrocarbon index in control (CS) and polluted soil (PS) and fractionation of hydrocarbons in (PS). Chromatogram of hydrocarbons from (B) control soil and (C) polluted
Hydrocarbon pollution affects root growth
To investigate the possible deleterious effect of polluted sand on plant growth, Pisum sativum L. (pea) plants were grown in laboratory conditions in both control and hydrocarbons contaminated soil. We noted that 21-day-old pea seedlings on polluted soil developed all aerial organs like the control but were shorter ( Figure 3A) . To assess the effect of pollutants in direct contact with roots, we uprooted the plants and measured primary and lateral root lengths and number (Fig. 3 B, C) . Primary root length is 37% shorter in pea plants grown in polluted soil compared with those of controls (Fig. 3B) . Root architecture is a plastic phenotype being characteristic of individual species but also determined by the growth environment. Pea plants growing on polluted soil had 36% fewer lateral roots per plant (Fig. 3C) . There was no significant difference in total root mass (including primary and lateral roots) in seedlings grown in both type of soil (Fig. 3D) . In contrast, the dry weight of lateral roots from plants grown in polluted soil was 35% higher than that of lateral roots in control soil (Fig. 3D) .
Figure 3. (A) Morphology, (B) primary root length, (C) number of lateral roots and (D) dry weight of roots of pea seedlings grown in control (CS) and hydrocarbon polluted soils (PS).Values showing means quares from analysis of variance of data for each variable; ** and ***: significant at 0.01 and 0.001 level respectively, ns: not significant
Effect of hydrocarbons on oxidative stress in pea roots
The adverse effects of polluted soil on primary root length and lateral root initiation and mass might be caused by direct chemical effects of the molecules or indirectly by affecting the physiology of plants, for example, by causing stress. We tested whether the polluted soil causes stress in pea roots by measuring known oxidative stress molecules. http Reactive oxygen species (ROS) such as the superoxide radical O 2 -can be formed during stress by NADPH-oxidase enzymes or by the reaction of electron transfer chains, enzymes or metals with oxygen. NBT staining of pea seedlings grown in hydrocarbon polluted soil revealed that a large amount of superoxide accumulated along the length of the root from about 5 cm from the root tip to the tip itself (Figure 4 A, B) . Hydrogen peroxide (H 2 O 2 ), another ROS, is also formed in stressed tissues, either from superoxide metabolism or directly from water. H 2 O 2 was revealed by DAB staining in roots (Fig. 4  C, D) . The intensity of brown spots in stained roots indicates the relative accumulation of H 2 O 2 . In pea roots exposed to hydrocarbons the brown coloration is concentrated at the end of root tips (Fig. 4 D) . In contrast in control roots, almost no staining with NBT or DAB was observed (Fig. 4. A, C) . Membrane lipid peroxidation is often a consequence of damage that occurs when cells are exposed to superoxide or other ROS. Malondialdehyde (MDA) is an indicator of lipid peroxidation and MDA content reflects oxidative stress. The MDA content of roots grown in hydrocarbon-polluted soil was 22.7% higher than in control roots (Fig. 4 E) .
Another indicator of oxidative stress is the activity of detoxification enzymes such as superoxide dismutase (SOD) and peroxidase (POD) that are able to catabolise superoxide and hydrogen peroxide respectively. Both SOD and POD activities were over 40% higher in roots from plants growing in polluted soil than in control roots (Fig. 4 F, G) .
Our study reveals that pea roots growing on soil polluted with PAHs display symptoms of oxidative stress because both superoxide and hydrogen peroxide are produced and accumulate and detoxification enzymes are expressed suggesting a sustained physiological response to polluted conditions. 
. NBT (A-B) and DAB staining (C-D) detect superoxide and hydrogen peroxide respectively. Pea root tips grown in control (A, C) or polluted soil (B, D). Scale bar = 1cm. MDA (E), SOD (F) and POD (G) activities in pea roots grown for 21 days in control (CS) and hydrocarbon polluted soil (PS
Anatomical studies
Our study suggests that the presence of hydrocarbons in soil affected many aspects of root growth. The overall root anatomy is similar in both polluted and control plant http://www.aloki.hu • samples with cortex cells similar in size both types of roots samples. However there was a slight flattening of cortex cells in the primary roots that had been exposed to polluted soil ( Figure 5 A, E). Lateral root initiation was observed in both samples (Fig. 5 B, F) . When xylem vessels were viewed more closely (Fig. 5 C, G) , evidence of the centripetal differentiation of three primary xylem vessels was clearly observed in the primary root in both samples. However secondary xylem differentiation appears retarded in plants grown in the presence of hydrocarbons as much as less secondary xylem is present compared to control (Fig. 5 C, G) .
Assuming the presence of hydrocarbons in soil caused a delay in the differentiation of secondary xylem, we looked for other signs that differentiation was affected. Lignin fluorescence was observed in cell walls under UV-fluorescent microscopy. Lignified xylem vessels are noticeably smaller in plants growing in polluted soil compared to control plants (Fig. 5 D, H) . Most surprisingly in plants grown in polluted soil we observed a two-cell layered endodermis possibly adjacent to suberized cells ( Figure 5 H, yellow circle). Roots grown in hydrocarbon-polluted soil therefore have unusual xylem and endodermis differentiation. 
Discussion
Hydrocarbon in soil
Diesel fuel, on entering the terrestrial environment, will spread and seep into the soil. Michel et al (2002) , state that petroleum constitutes a pollutant that can persist in the environment for a long period until the vegetation recovers completely, and its persistence can be explained by the slow biodegradation of hydrocarbons. The downward migration of diesel fuel through the soil profile however is limited due to the physical properties of the fuel (Adam and Duncan, 1999) . Presence of total petrolium hydrocarbon (TPHS) in soil can cause damage in short and long term for the plant. The immediate toxic effect tends to be caused mainly by molecules of low molar mass that are quickly degraded. The chronic toxic effects, however, are due to molecules of high molar mass, generally aromatic, that present lower toxicity, but are persistent, causing a longer lasting effect (Spies et al., 1996) .
Root morphology is disturbed in pea plants grown in polluted soil
Root growth and development are controlled by endogenous cues such as phytohormones (Casimiro et al., 2001 ). However exogenous factors such as water,  2016, ALÖKI Kft., Budapest, Hungary salinity, nutrients or the presence of toxic metals have a considerable impact on the final root structure (Arduini et al., 1994) . Many plant species are sensitive to petroleum contaminants (Huang et al., 2004) . Hydrocarbons in the soil may prevent uptake of nutrients that are less mobile in contaminated soils (Atuanya, 1987 There was no significant difference in the dry weight of total roots (primary and lateral roots). Interestingly pea plants grown on oil-contaminated fields also had a similar root dry weight as control plants after three weeks of growth (Xu and Johnson, 1995) , although in older plants root weight was lower in polluted plants than in controls (Xu and Johnson., 1995) . Generally, lateral roots appear thicker in the polluted samples.
Hydrocarbon pollution is associated with oxidative stress in pea plants
Many environmental stresses induce ROS production (Apel and Hirt, 2004) . Their reaction with other molecules such as proteins or nucleic acids is often deleterious to the cells. Lipids when peroxidised lead to MDA accumulation and altered cell integrity (Apel and Hirt, 2004) . ROS and ROS-detoxifying enzymes are more abundant in roots from pea plants grown in polluted soil. The presence of PAH in polluted soil might be directly responsible for ROS production, as it is generally observed that PAHs induce ROS production in plants, as seen with phenanthrene (Alkio et al., 2005) and Nheterocyclic PAHs (Paskova et al., 2006) .
The observed increase in MDA in roots grown in polluted soil is suggestive of oxidative damage as a consequence of ROS accumulation. It indicates that hydrocarbon-induced stress alters biological membranes and affects cellular integrity. Phenanthrene alone can induce ROS generation, MDA production, and oxidative stress (Liu et al., 2009 ).
ROS abundance depends on rates of ROS generation and rate of ROS degradation and scavenging/neutralizing by antioxidants whether through enzymatic and/or nonenzymatic mechanisms (Amor et al., 2005) . Plants have numerous detoxification mechanisms, such as glutathione S-transferases, POD, catalases, and SOD and nonenzymatic molecules like glutathione (Won et al., 2012) . SOD activity and proteins increase in response to stress in plants (Shalini and Dubey, 2003; Song et al., 2006) .
Detoxifying enzyme activity or abundance is induced by hydrocarbons, such as diethyl phthalate (Cheng and Cheng, 2012) and phenanthrene (Song et al., 2006) in greater duckweed Spirodela polyrhiza. We found that ROS detoxifying activities SOD and POD increased in roots of hydrocarbon-polluted pea plants suggesting that pea plants respond to environmental stress by producing detoxifying enzymes. This finding is broadly consistent with other abiotic stress responses, which quench excess ROS through enzymatic reduction to water, and oxidize electron-rich buffers such as ascorbate and glutathione (Apel and Hirt, 2004 
Anatomy
The results of this study support the idea that the presence of hydrocarbons in soil has affected not only the morphology and root development, but also their anatomical structure. Indeed we show that roots grown in polluted soils are delayed in xylem differentiation and have an additional cell layer in the endodermis.
Our results are in agreement with Kummerova et al. (2013) , who showed that in pea and maize roots, the proportion of xylem vessels in the stele decreased when exposed to fluoranthene. Pea roots with less xylem in response to hydrocarbons in soil may be interpreted as an adaptation to minimize absorption of polluted water, because vessel number and diameter influence the amount of water flowing. Hernandez-Ortega et al. (2014) reported that values of hydraulic parameters diminished, but the loss of hydraulic conductivity was significantly enhanced as the diesel concentration increased. In addition fluoranthene exposure triggers changes in the cell morphology of other organs and tissues including the root tip, root cap, apical meristem and elongation zone (Kummerova et al., 2013) . Similar abnormal development patterns of xylem have been also described in cotton grown in presence of high salinity (Reinhardt and Rost, 1995) . Thus the xylem tissue seems to be particularly sensitive to external abiotic pollutant.
A single layer of endodermis in plants is defined by an evolutionarily conserved mechanism, where the SCARECROW (SCR) protein associated with the mobile SHORT-ROOT (SHR) protein delimits endoderm and pericycle founder cells around the quiescent center at the root tip (Cui et al., 2007) . In our study, pea roots grown in polluted soils showed an additional division in endodermis. Observing a supernumerary cell division and cell differentiation in the developing root suggests that hydrocarbons modify the existing differentiation pattern. The endodermis is the innermost layer of the cortex and is characterized by the formation of Casparian bands in the anticlinal walls of its cells (Enstone et al., 2003 ). An extra cell layer might contribute to limiting exchanges between the cortex cells and the stele tissues reducing the import of hydrocarbons in the xylem flux. This might be another anatomical adaptation to pollutants like Casparian band and suberin lamellae thickening, increased suberization and lignification of endodermis cells (Zelko and Lux, 2004; Vance et al., 1980; Kalaji and Pietkiewicz, 1993; Shannon et al., 1994; Schreiber et al., 1999) .
Overall hydrocarbon residues found in sand samples extracted from the quagmire site profoundly modify plant growth and root architecture. ROS production and ROS detoxifying enzymes are induced in pea, most likely a consequence of physiological stress. We found that morphological and anatomical changes in pea roots exposed to anthropogenic pollution might be an adaptation to abiotic stress limiting the impact of the pollutant hydrocarbons on roots.
